[P la te 1] Specimens of polychloroprene before and after lig h t tre a tm e n t have been exam ined b y X -ra y m ethods. There is no change in th e crystalline stru ctu re, although th ere are differences in th e physical properties ascribed to cross-linking of th e long-chain molecules. T he u n it cell is possibly o rth o rhom bic: a = 8*90 A, b = 4*70 A, c = 12-21 A prene (C4H 5C1) units.
I ntroduction
In the last few years much attention has been given to the production of highly polymerized substances for use as plastics or rubber substitutes. A large-scale attem pt to manufacture synthetic rubber-like materials was made in Germany, 1914-18, owing to a serious shortage of the natural product. The synthetic product, known as methyl rubber, was a polymer of dimethyl butadiene; it was very inferior to ordinary rubber. Since then a number of these polymers have been developed. The most notable are the Buna rubbers of I.G. Farbenindustrie (straight chain polymers of butadiene and interpolymers with butadiene), several Russian butadiene polymers known as Sovprene, and polychloroprene of Du Pont Nemour known as Duprene or Neoprene, developed commercially on account of its superiority over natural rubber for many purposes. The chief disadvantage of most of these materials is their high cost. Many such rubber-like materials have been made from hydrocarbons with a butadiene nucleus, but only in the case of halogen substituted butadienes have the results been completely satisfactory. The most im portant example is the polymer of 2-chlorobutadiene or chloroprene.
The exact molecular structure is not known, although an attem pt has been made to investigate it by the application of X-ray methods a t low tem peratures, so far without success (Clews 1938) . I t is hoped to continue this work on the monomer in the solid state.
Chloroprene on polymerization may form a number of substances with widely differing properties. The four principal polymers are designated a, /?, ju, and 10. The /7-polymer is an oily dimer and is a granular substance. The a-polymer, which is formed by spontaneous polymerization a t normal temperatures, the formation being accelerated by the action of light, corresponds to milled natural rubber, ju,-polychloroprene corresponds to vulcanized rubber, and is produced by continuing the reaction which gives the a form. The conversion from the a to the ju, form may be carried out by heating the material a t 130° C for about 5 min. Carothers et al. (1931) suggested th at in the a-polymer the chloroprene molecules are joined to produce a long-chain structure:
_ _n n_ n n n c*___P n n n _ _p where A i s a chloroprene unit. I t is supposed th a t this represents the /^-polymer. The exact nature of the cross-linking is somewhat obscure.
The chief advantages of polychloroprene over natural rubber are (1) its better resistance to the action of oils and solvents, (2) its greater resistance to heat, (3) its greater resistance to the effects of oxygen and ozone, and (4) its better ageing properties. The most important property of synthetic rubbers is their greater resistance to oils and some solvents.
Experiments on the action of light on neoprene have been carried out by Melville & Davies (1940) , who very kindly supplied the author with information about these experiments and with neoprene specimens for X-ray investigation.
A strip of uncompounded neoprene, contained in an evacuated, watercooled pyrex vessel, was exposed for 2 hr. to a 25 amp. (200 V) carbon-arc lamp, situated 6 cm. from the surface of the strip. The temperature a t the surface was about 40° C. Before illumination, the neoprene was very readily soluble in toluene; viscosity measurements on such a solution indicated an average chain length of about 300 chloroprene units (a mole cular weight of 26,000). After illumination, the surface layer, which had been exposed to the light (A> 3000 A), was insoluble in toluene; viscosity measurements on the soluble portion revealed no appreciable change in the average chain length. The resistance to stretching of the treated material was much greater than th a t shown by the normal neoprene.
X-RAY EXAMINATION OF POLYCHLOROPRENE
As in the case of natural rubber, an X-ray photograph of unstretched neoprene exhibits a broad diffuse ring. On stretching, the diagram shows a number of discrete interference spots indicating a crystalline or pseudo crystalline structure, while the diffuse ring, although still present, is less intense.
The specimen under investigation was stretched to its maximum ex tension and retained in this state by means of a small brass specimen holder which could be mounted in a cylindrical camera of 3 cm. radius. The substance was in the form either of a thin fibre or a strip ; in the latter case, the X-ray beam was incident perpendicularly to the plane of the film. In all cases, the fibre axis (or direction of stretching) was parallel to the axis of the camera. The X-ray source was a Philips Metallix tube with a copper anticathode operating a t about 35 kV and 18 mA. To obtain satisfactory photographs, it was necessary to make exposures of 24-30 hr. (Ilfex film).
One of the X-ray photographs is reproduced in figure \a (plate 1). I t will be noticed th at there are quite sharp lines on the equator. I t is possible to measure twelve of these and compute the corresponding spacings. The first layer lines may also be clearly seen, although there is a certain diffuseness which prevents the determination of any of the spacings except th at from the layer line separation. This corresponds to the identity period along the fibre axis. This is clearly one of the axes of the unit cell of 'crystalline' polychloroprene. I t is found to be 4-70 + 0*03 A, being the mean of a number of measurements on several photographs. This is slightly lower than the value 4*8 A quoted by some other authors (Clark 1932; Katz 1936; Fuller 1940) No particulars of their experiments are given.
The first two equatorial lines are due to reflexion of Cu K fi and Koc from the same set of planes, assumed to be the second-order reflexions from the (100) planes. The next reflexion on the equator is also fairly intense and probably corresponds to the (001) planes, possibly the second or third order. The various possibilities will be discussed later.
Photographs were also taken with specimens of the light-treated poly chloroprene in the stretched state. One of these diagrams is reproduced for comparison ( figure 16, plate 1) . Measurement shows th a t the spacings calculated from the layer line separation and the equatorial lines are identical with those for the untreated material. There are, however, two differences between the two photographs:
(1) The equatorial interferences are sharper on the photograph of the treated material.
(2) There is evidence of complete Debye-Scherrer rings, their intensity being much sharper where they cut the equator.
The structure of po
D iscussion of the structure of polychloroprene
I t is a t once evident from the X-ray photographs and the measurements th at there is no difference in the crystalline 'fine structure' of the two specimens; further, it is obvious that in both cases there is an orientation of the long chains so that most of them lie parallel to the fibre axis, caused by stretching. In the previous section, it was mentioned th at the treated material was insoluble in toluene, and also th at it showed increased toughness. Both these facts suggest cross-linking of the long chains in duced in the substance by illumination. It is estimated that, with an average chain length of 300 units, a 1 % degree of cross-linking would be sufficient to produce insolubility (Melville & Davies 1940) . This is sup ported by the X-ray results; the increased sharpness of the equatorial interferences after the illumination of the specimen may well be due to cross-linking. The same phenomenon is observed when natural rubber is vulcanized. I t is thought that during vulcanization sulphur bridges are formed within a given chain and linkages from one chain to another.
The complete Debye-Scherrer rings, with the much greater intensity on the equatorial axis, indicate that there is a marked orientation of the crystalline regions, so that the polymerized chains lie parallel to the fibre axis, but that some of the crystalline regions are orientated at random. I t is possible th a t the diffuseness of the layer lines with both specimens is due to a slight variation in the periodicity along the fibre axis. Katz (1936) has also reported a 'fuzziness' of the layer lines.
The theory of the 'crystallite' or 'micellar' structure of high polymers, and in particular rubber, has been discussed elsewhere (Clews & Schoszberger 1938) , so it will not be considered now except to see how far it may be applied to the present problem. In ordinary rubber there is no evidence of cross-linking to form a net structure, so th at there is practically complete ordering of the crystallites on stretching; the long main valence chains are all parallel to the stretching direction, and with untreated polychloroprene there is also fairly complete orientation. I t is very probable th at crosslinking in the light-treated material prevents the complete ordering of the chains parallel to the fibre axis, but th at short lengths of several chains may be parallel to one another and not parallel to the fibre axis. These latter would give rise to the random orientated crystallites. The idea of crosslinking is also supported by the decreased extensibility after treatment.
Let us now consider the crystalline structure. The periodicity along the fibre direction or 6-axis is 4-70 A, and assuming the first three equatorial reflexions to be (200) /?, (200) a and (003), respectively, the unit cell has dimensions " . , . __ . A a =8*90 A; 6 = 4*70 A; c = 12*21 A.
(It is assumed a = ft = y = 90°.) There is the possibilit may be the second and not the third order of (001), th at is the unit cell, again assumed orthorhombic, is a =8-90 A; 6 = 4-70 A; c=8*14A .
The first unit cell has a volume 511 A3; substituting in the expression for the density p -l -M -J T / F , and calculating n, the number of chloroprene units in the cell, we obtain the value n = 3*80. (The experimentally determined density is 1*086 g./c.c., and the molecular weight, M, of the chloroprene unit is 88*5.) n must, however, be a whole number; obviously, n = 4, giving a calculated density 1*14 g./c.c. Taking the second set of cell dimensions and four molecules per unit cell, the density is 1*72 g./c.c. I t is reasonable to suppose th at the density will be slightly greater when the specimen is stretched, but the density calculated from the second set of cell data is much higher than can be accounted for by stretching. (The density of natural rubber is 0*906 g./c.c. and 0*956 g./c.c. when stretched.) It would be necessary to assume three chloroprene units in the cell, and this is incompatible with orthorhombic symmetry. An orthorhombic cell, a =9*0 A; 6 = 4*79 A; c = 8*23A, has been suggested by Krylov (1935) from electron diffraction measure ments. His results are reported briefly by Fuller (1940) , but the number of units in the cell and the density are not mentioned. I t appears th at the F ig u r e l a . U n tr e a te d p o ly c h lo ro p re n e . measured density and this smaller cell cannot be reconciled. I t may there fore be supposed th a t the first cell given is probably the more correct, although this can be no more than a rough approximation to the true one. There are four chloroprene groups associated with polychloroprene chains passing through the unit cell and lying, on the whole, parallel to the 6-axis. From the repeat distance, 4*70 A, it is evident th a t the chains are in the trans form. Even on this assumption there must be some modification of either the bond angles or bond lengths from the usual values, or it must be assumed th a t the molecule is not planar. A similar difficulty was found in fitting the isoprene groups into the rubber unit cell.
The structure of polychloroprene 105 F igure 3 F igure 2 P art of a planar chloroprene chain is illustrated in figure 2 . The single bond distance is taken as 1*5 A, the double-bond distance as 1*2 A, and the bond angles are 109° and 120°. The radius of the chlorine atom is 1*8 A. The repeat distance is 4-9 A. A possible non-planar molecule is shown in figure 3 . This has a repeat distance of 4*7 A in accordance with the X-ray data. The hydrogen atoms are'not represented in these figures.
From the dimensions of the molecule and of the unit cell, it is obvious th at the chloroprene groups must be packed closely together, possibly with intermolecular distances less than those usually expected.
In an endeavour to index the other equatorial reflexions, it was soon realized th at this would not be possible if all sets of indices having 4= 0 were excluded. This is not unreasonable because evidently we are not dealing with a 'single crystal rotation' type of diagram produced by rubber, but with a Debye-Scherrer photograph showing preferred orientation. The measured spacings and their corresponding indices and visually estimated intensities are given in table 1. The indexing can have no great significance, there being far too few spacings either to confirm or refute the correctness of the cell chosen. 
Conclusion
Specimens of polychloroprene and light-treated polychloroprene have been examined by X-ray methods. There is evidently no change in the crystalline structure of the two substances, although there are differences in physical properties which are ascribed to cross-linking of the long poly chloroprene chains. This conclusion is confirmed by the X-ray work. The unit cell of polychloroprene is probably orthorhombic with dimensions a -8*90 A, 6 = 4*70 A, c = 12-21 A. From the experimentally determined density of 1-086 g./c.c. it is deduced th a t there are four chloroprene units in the cell. The X-ray density (for the stretched material) is 1-14 g./c.c. The long chains lie parallel to the 6-axis (the direction of stretching), four of these chains passing through the unit cell. I t is concluded, from the identity period, th a t the chain is not planar and a possible Spatial con figuration is given. The lattice spacings of th e prim ary solid solutions in m agnesium of alum inium , gallium, thallium , tin and lead have been accurately m easured. The new d a ta confirm th a t th e effect of increasing th e valency of th e solute is to ten d to expand th e lattice of m agnesium . Thus, although th e in te r atom ic distance for tin is sm aller th a n th e corresponding distances for indium and thallium , th e contraction in th e 4a '-spacing of magnesiumtin alloys is m arkedly less th a n in th e indium and thallium alloys. Lead expands th e lattice of magnesium.
The 6a '-spacing-composition curves for th e system s studied are sm ooth and continuous. I n contrast, th e 'c '-spacing curves show a change in direc tion a t an electron concentration of approxim ately 2*0075, th a t is, a t 0*75 atom ic per cent of a three-valent solute and 0*375 of a four-valent solute. I t is a t this p oint th a t an overlap of electrons from th e first Brillouin Zone
